Components in hybrid design become more and more important in terms of their lightweight potential. In this context the demand for weight saving in aerospace structures leads to increasing numbers of applications of fiber reinforced plastics (FRP) for structural components. Besides FRP, metallic components are still parts of the primary structures. In consequence the use of FRP-metal compounds is necessary. Within the researcher group "Schwarz Silber" (FOR 1224) funded by the DFG (German Research Foundation) integral interface structures for advanced CFRP (carbon fiber reinforced plastic) -aluminum compounds are currently being studied. This work focuses on realizing the transition structures by the usage of wires (titanium) as transition elements between CFRP and aluminum. For the connection of aluminum sheet and the transition element die-casting and laser beam welding are commonly used. As a possible alternative to the liquid phase processes the solid state process diffusion bonding has been applied. The experimental results showed high application potential of this process in view of the transferable loads for integral transition structures.
Introduction
Current discussions on CO 2 -emissions exert pressure on automotive and aerospace industries to develop structures with higher ecological efficiency. The resulting demand for ecological efficiency requires weight saving, even in lightweight design. Increasing materials efficiency in view of lightweight design means the best combination of materials properties. Hereby fiber reinforced plastics (FRP) have higher efficiency in view of specific stiffness and specific strength in comparison to metals. Metals have their advantages in view of impact behavior, wear and temperature resistance as well as cost of production and manufacturing. Therefore, nowadays metals and FRP are increasingly combined in lightweight designs Herrmann, 2011, Hirsch and Laukli, 2010] .
Connections of hybrid components are implemented by adhesive or mechanical joints [Lee and Deng, 2007 , Kelly, 2006 , Casas-Rodriguez et al. 2006 , Kabche et al. 2007 , Lim et al. 2007 . A joint, which is often realized by riveting or bolting, has to withstand the load transmission. But the application of joining technology is not always appropriate to the material in the sense of lightweight requirements.
In loading zones the joints are often realized by conventional conjunctions like riveting. Due to bypass and transfer loads the performance of bolted joints depends on bearing stress and shear stress. Since laminates posse low properties against bearing stress and shear stress the coupling efficiency is suboptimal. To enhance the performance of bolted joints in FRP components FML (fiber metal laminates) are applied, where CFRP (carbon fiber reinforced plastic) laminates are stiffened by titanium foils [Kolesnikov et al. 2008, Fink and Kolesnikov, 2005] . This technology introduces other challenges like bonding of titanium foils and CFRP layers and risk of delaminating due to drilling process for riveting [Schürmann, 2007] . Great efforts need to be made to solve these problems. But at the end main disadvantages will still remain: the interrupted load path due to destroyed fibers by drilling and the bulky design due to rivets. Additionally, direct contact between carbon fiber and aluminum has to be avoided in view of corrosion aspects. For riveted joints this requirement is fulfilled by the usage of glass fiber layers [Schürmann, 2077 , Engmann, 2008 .
Even though many investigations have been done, bolting and riveting are not optimum joining technologies for FRP structures. The need of slim, weight-minimized and composite suitable hybrid compounds in lightweight design is obvious.
According to the concepts proposed by the researcher group "Schwarz Silber", the contact between CFRP and aluminum is avoided by implementation of titanium as transition betwixt and between materials, which reduces the electrochemical potential differences about two-thirds in comparison to the combination of carbon fiber and aluminum. Additionally, it is intended to improve the galvanic corrosion behavior by using certain surface treatments for the titanium transition structure. As a result of a lean joint design the weight is reduced by approx. 50 %.
In the researcher group "Schwarz Silber" integral interface structures for advanced CFRP-aluminum compounds are currently being studied [Schimanski, Schumacher et al., 2012 . On the metallic side the novel joint concepts were designed, dimensioned and produced considering laser beam welding and casting techniques. As a possible alternative to these liquid phase processes the solid state process diffusion bonding was additionally investigated for joining the aluminum and titanium compounds. Diffusion bonds are characterized by their high mechanical properties, which reach the strength of the base materials. Experiments with CP-Ti2 and Ti6Al4V in combination with different aluminum alloys showed the influences of the aluminum alloys on the strength [Matthes and Richter, 2008] . On the one hand the selected aluminum alloys has influence on the formation of the intermetallic phase. On the other hand the thermal extension has to be taken in to account. Investigations on diffusion bonding of CP-Ti2 in combination with AA5056 and AA6016 proofed that a significant larger intermetallic seam was obtained in the bond using AA5056. Due to the higher thermal expansion of this alloy in comparison to AA6016 cracks occurred due to shrinkage [Wilden and Bergmann, 2004] . Indeed the essential interrelationships for diffusion bonding of titanium and aluminum can be found within the literature. Investigations on diffusion bonding of wires with a small diameter have not been published yet, but this technology seems to be an interesting alternative for the integral transition structures of the researcher group. Within this study the transition was realized by titanium wires which were formed to continuous loops. Due to the point-or line-shaped contact between the round titanium wires and the plane aluminum sheets the process of diffusion bonding was combined with hot pressing to increase the contact surface. In consequence the aim of this research was to investigate the potential of this technology in view of bonding titanium-wires to aluminum components as transition structures for Al-CFRP compounds. The mechanical performance of the diffusion bonded transition structure was determined for different processing conditions and related to metallographic investigations of the bonds.
Materials and processes
The specifications of the used titanium wire (CP-Ti2, diameter 0.8 mm) and the aluminum sheet are listed in Table 1 . In order to avoid shrinking cracks during cooling after the diffusion bonding, aluminum alloys for aerospace applications with accordant Si-content have been selected. The diameter of the titanium wire was selected based on earlier investigations, which have been done in view of the interaction of different titanium wires and "dry" (without resin) CF-roving's . The titanium wire was continuously bent to omega-shaped loops. Between two loops heads a distance of about 4 mm were adjusted and the distance between the loop feet was about 6.5 mm. Every loop has an inner diameter about 7 mm and a height around 12 mm (Fig. 2) . Aluminum sheet was prepared with a 4 mm deep and 1 mm wide notch where the titanium loops were inserted (Fig. 3) . The whole sample was placed in a vacuum furnace between two plain plungers. To reinforce the contact between the titanium loops and the aluminum sheet steel foils were placed at the lower and upper side of the aluminum sheet on the notch. Considering this approach the process is a combination of diffusion bonding and hot pressing. The process temperatures were set to 480 °C and 540 °C. Samples were hold for two hours at the two process temperatures, respectively. 
Methods of characterization
For characterization of the diffusion bonds quasi-static tensile test and metallographic methods were applied. Besides metallographic investigations of the interface, the core hardness of the titanium wire was determined after diffusion bonding. The intermetallic seams were characterized by light microscopy and EDX. The mechanical properties of the joints were determined by tensile test. The resulting loading forces were related to the diameter of the titanium wires and the strength of the transition structure was analyzed in view of the results of the metallographic investigations.
Results

Tensile test and failure
The results of the tensile test of the diffusion bonded Al-Ti-CFRP samples are given in Fig. 4 , which show a significant influence of the process temperature. The higher fracture load was reached at the higher process temperature. Additionally, the curve for the lower process temperature is characterized by three distinct decreases of the fracture load. The displacement is much higher under this condition. The tensile samples showed quite different failure behavior (Fig. 5) . The samples, which were bonded at higher process temperature, broke at first at the interface between aluminum and Resin, then the resin and finally the titanium wire failed. The failure of the resin at the second step is in a good agreement to the loaddisplacement-diagram that shows a slight change in the curve at 475 N, corresponding to the strength of the resin. In contrast, diffusion bonding at lower temperature leads to another failure behavior in the sequence: Al/ resin interface, Al/Ti interface, Ti/resin interface, and finally the Ti-loop. 
Metallographic study of the diffusion bonds
The microstructure and hardness of diffusion bonds prepared at different process temperatures have been investigated. The micrographs of the titanium wire are shown in Fig. 6 . As expected the microstructure recrystallized due to the high process temperatures and the grain size increased with increasing process temperature. The recrysallization can be proved by the reduced hardness and the globular grain structure in comparison to the initial state The metallographic investigation showed that it was not able to develop a seamless joint at the process temperature of 480 °C (Fig. 7a) . A seamless joint was realized for the samples that were treated at 540 °C (Fig. 7b) . The chemical composition at the joint was determined by EDX analysis . As expected aluminum diffused to titanium. Additionally, a higher Si content was detected at the joint. Globular Mg 2 Si-precipitates located along the joint and needle-like precipitates distributed in the aluminum matrix. 
Discussion
The experimental investigations showed quite different failure behaviors of the diffusion bonding structures at different process temperatures. Hereby two effects of the process temperature need to be considered: one is its effect on the strength of the titanium wire, and another is its effect on the diffusion. Both effects compete with each other. Higher temperature leads to increasing of diffusion and additionally to an increased formability of the aluminum but decreasing of the strength of the titanium wire by recrystallization. The presence of an intermetallic layer of a few micrometers a layer is one of the main bonding indicators for Al/Ti joints [Kocik, 2009 , Cam et al., 1997 . Metallographic investigations documented the development of a seamless joint after diffusion bonding at 540 °C for 2 hours. Due to the recrystallization the hardness decreased more than at lower temperatures and in consequence the strength of the Ti-wires as well . But lowering the strength is equivalent to an increased elongation. Due to the supporting effect of the resin, wherein the titanium wires is embedded, the strength of the embedded transitions structure is slightly increased. In the area without resin the supporting effect is missed and in consequence the recrystalliszation of the titanium wire leads finally to the failure of the titanium wire near the aluminum sheet. This indicates that the resin failures first.
Finally a multiple failure behavior was observed after the process at temperatures of 480 °C. Lowering the process temperature leads to a decrease of the diffusion, resulting in a discontinuous seam but a higher hardness of the titanium wire than at higher temperature. In this case the resulting higher strength of the titanium wires leads to a support of the resin. Assuming that the strength of the wire is slightly higher than the strength of the resin, the low elongation of the resin leads to failure of its. Afterwards the load is transferred only by the carbon fiber to the titanium wire into the aluminium. Due to the high strength of carbon fiber rowing and titanium wire in comparison to the intermetallic layer Schiebel et al. 2011 ] finally the layer failures and the titanium wires were extracted from the aluminium sheet. This leads to the conclusion, that at lower temperatures the strength resulting more from the hot pressing than from the diffusion bonding.
Summary and outlook
The diffusion bonding of titanium wires to aluminum sheets have been investigated. The bonding between aluminum sheet and titanium wire was realised by a combination of diffusion bonding and hot pressing.
Metallographic investigations documented the development of a seamless joint after diffusion bonding at 540 °C for 2 hours and a lower hardness within the titanium wires. The CFRP-Ti-Al-compounds failures in the titanium wires near the aluminium sheet. The observed failure behaviour was quit repeatable. Lowering the process temperature leads to a decrease of the diffusion effect, resulting in a discontinuous seam and a higher hardness of the titanium wire. This resulting in a multiple failure behavior, which was similar in its characteristics. But due to the interaction of the failure mechanisms within the CFRP-Ti-Al compound the failure behaviour was restricted in its repeatability.
This investigation demonstrates the application potential of the diffusion bonding for this type of bonds. Further investigations have to be done in view of the influence of different Ti alloys like Ti6Al4V on the toughness of the bond.
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